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Abstract 
To  identify  sequence-specific motifs associated  with the formation of an ionic pore, we systematically  evaluated 
the  channel-forming  activity  of  synthetic  peptides  with  sequence of  predicted transmembrane segments  of the volt- 
age-gated  calcium channel. The amino acid  sequence  of  voltage-gated, dihydropyridine (DHP)-sensitive  calcium 
channels  suggests the presence  in  each  of four homologous  repeats (I-IV) of six segments  (SI-S6)  predicted to 
form membrane-spanning, a-helical structures. Only  peptides  representing amphipathic segments  S2 or S3 form 
channels  in  lipid  bilayers. To generate a functional  calcium  channel  based on a four-helix  bundle motif, four-helix 
bundle  proteins  representing IVS2 (T4CaIVS2) or IVS3  (T4CaIVS3)  were synthesized. Both proteins  form cation- 
selective channels, but with distinct  characteristics: the single-channel conductance in 50 mM  BaCI,  is 3 pS and 
10  pS. For T4CaIVS3, the conductance saturates with increasing concentration of divalent cation. The  dissocia- 
tion constants for Ba2+, Ca2+, and SrZf are 13.6  mM,  17.7  mM, and 15.0  mM,  respectively.  The conductance of 
T4CaIVS2  does  not saturate up to 150 mM salt. Whereas  T4CaIVS3 is  blocked  by  pM Ca2+ and Cd2+, T4CaIVS2 
is not  blocked by divalent cations. Only  T4CaIVS3 is modulated by enantiomers of the DHP derivative BayK 
8644, demonstrating sequence  requirement for specific drug action. Thus, only  T4CaIVS3  exhibits pore proper- 
ties characteristic also of authentic calcium  channels.  The  designed functional calcium  channel  may  provide in- 
sights into fundamental mechanisms  of  ionic  permeation and drug action, information that may  in turn further 
our understanding of molecular determinants underlying authentic pore structures. 
Keywords: calcium channel; dihydropyridines; lipid bilayer; protein design;  four-helix bundle; 
single-channel  recording 
Voltage-gated channels,  comprising a large  superfamily 
of integral  membrane  proteins  fundamentally  involved 
in electrical  excitability (Hille, 1992), facilitate  the  flux 
of  ions  across  the cell membrane  in  response  to  changes 
in  transmembrane electric field. Because voltage-gated 
channel  proteins  have  not yet yielded to  high-resolution 
structural  analysis,  the  unequivocal  localization  of even 
fundamental  motifs,  such  as  the  actual  ionic  pathway, is 
lacking.  However,  understanding  the  unique  functional 
attributes  of  channel  proteins  requires  that  structural el- 
ements  underlying  specific  properties  are  identified.  Ex- 
tensive efforts  are  currently  directed  toward  elucidating 
molecular  determinants  underlying  the  ionic  pore. 
versity of California at San Diego, La Jolla,  California 92093-0357. 
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De  novo  protein design is an  approach  aimed  at  iden- 
tifying  the  structural basis of specific functional  charac- 
teristics. The  rationale is that  primary  structure  contains 
sufficient  information  to  induce  the  folding  of a specific 
structural  motif. Accordingly,  a functional  pore-forming 
motif  in a lipid  bilayer may be  realized through  the selec- 
tion of appropriate  primary  structures. A fundamental 
advantage  of  this  approach is that designed molecules 
may be realized and proposed functional significance 
tested  experimentally. 
Several  strategies  have been developed  toward  the  de- 
sign of  pore-forming  proteins, including  synthetic amphi- 
pathic  peptides of highly  simplified sequence designed to 
adopt channel-forming structures (Lear et al., 1988; 
Akerfeldt  et  al., 1992), or entirely  non-natural  ion  chan- 
nels constructed by the  attachment  of oxyethylene chains 
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to  a macrocyclic polyether (Jullien & Lehn, 1988). By con- 
trast,  the  approach presented here is based on  the primary 
structure of authentic proteins: the aim is to identify, 
from  the  amino acid  sequence of a channel  protein,  dis- 
tinct structural  motifs consistent with observed functional 
properties  (Greenblatt et al., 1985; Montal, 1990). Func- 
tional  characteristics  of  the  channels-such  as voltage- 
dependent  opening  and closing,  dimensions of the  pore, 
and  cation selectivity - guide the conjectured  assignment 
of  protein  modules to a specific  function. 
The helical bundle is considered a functional  folding 
motif for  a  pore-forming  structure  (Montal, 1990; Montal 
et  al., 1990; Oiki  et  al., 1990; Grove  et  al., 1991, 1993b). 
For channel  proteins,  the  origin of this motif is the  occur- 
rence of homologous  protein  domains or subunits  arranged 
around a central  pore,  the  identification  of  hydrophobic 
segments predicted to  form membrane-spanning  a-helical 
structures, extensive sequence homology between members 
of a superfamily of channel  proteins, and conservation of 
residues consistent with observed  functional  properties 
(Montal, 1990; Oiki et al., 1990). The structure of the 
Torpedo acetylcholine  receptor, solved at 9 A resolution, 
indicates that  the  central  pore  of this  pentameric  channel 
protein is formed by a five-helix bundle  (Unwin, 1993). 
In shielding polar faces from  the hydrophobic  membrane 
interior,  amphipathic  transmembrane segments may adopt 
an arrangement  where  charged  or  polar  residues line a 
central  pore,  thereby  generating an aqueous  pathway that 
allows the flux of ions  across  the lipid  membrane. 
We present an  approach toward  the  de  novo design of a 
functional calcium channel  protein based on  the four-helix 
bundle  motif.  The  goal is to identify a sequence-specific 
motif  from  the  primary  structure  of  the  dihydropyridine 
(DHP)-sensitive,  voltage-gated,  L-type  calcium  channel 
associated with pore  formation,  through a systematic con- 
sideration of the  predicted  membrane-spanning segments 
(Fig. 1). Monomeric  peptides  representing  identified se- 
quences are synthesized by solid-phase methods,  purified, 
and reconstituted  in  lipid  bilayers  for  determination of 
single-channel  activity; the  focus is on sequence specific- 
ity as a  determinant of channel  formation.  Amphipathic 
segments S2 and S3 are identified as pore-forming se- 
quences. An additional  requirement of the design is to re- 
alize the  tetrameric  organization of the  authentic  channel, 
accomplished by the  tethering of select, channel-forming 
sequences to a carrier  template.  A  preliminary  account 
was presented  previously  (Grove et al., 1992b). 
Results 
Design considerations 
The al-subunits of voltage-gated calcium and sodium 
channels  form  functional  ion  channels in  lipid  bilayers, 
and their  primary  structures  indicate  evolutionary  conser- 
vation  and  structural similarity (Numa, 1989). A fourfold 
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Fig. 1. A: Schematic  representation of the  predicted  structural  organi- 
zation of the  voltage-dependent  calcium  channel  a,-subunit.  Each  ho- 
mologous repeat (I-IV) exhibits six segments predicted to adopt 
membrane-spanning or-helical structures,  and  a  short  segment  between 
S5 and S6 predicted  to  adopt  a  0-hairpin  conformation  within  the  lipid 
bilayer. B: Amino  acid sequence (Mikami et al., 1989) of predicted mem- 
brane-spanning  segments  from  the  fourth  repeat  of  the  DHP-sensitive 
calcium  channel. 
symmetrical  organization is suggested by the presence of 
four  homologous repeats (I-IV), each  comprising six hy- 
drophobic segments (Sl-S6), predicted to form mem- 
brane-spanning a-helical structures (Fig. 1; Greenblatt 
et al., 1985; Numa, 1989). The  primary  structure  of volt- 
age-gated potassium  channels resembles a single repeat of 
calcium and sodium  channel a,-subunits  and displays the 
same  characteristic  pattern  of predicted  a-helical  trans- 
membrane  segments. 
Functional voltage-gated channels are considered to 
arise from a pseudosymmetric organization of protein do- 
mains or  subunits  around a  central  pore  (Numa, 1989; 
Isacoff et al., 1990; Montal, 1990; Ruppersberg et al., 
1990). The  nonpolar  environment  of  the cell membrane 
places constraints on potential  protein  conformations: hy- 
drophobic  surfaces  interact with the  membrane  interior 
and  the  aqueous  pathway  for ionic diffusion is considered 
lined with polar residues. Accordingly, plausible pore- 
lining  segments  include  amphipathic  a-helices,  arranged 
such that  polar  or charged residues line the ion-conducting 
pore  (Greenblatt et al., 1985; Montal, 1990; Oiki  et al., 
1990). Each  homologous repeat would contribute  one  am- 
phipathic  segment  toward a central  cluster of a-helical 
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segments.  Such  organization  of  homologous  repeats  pre- 
dicts  parallel  arrangement of pore-lining  segments. 
Transmembrane  segments  consistent with such a func- 
tional role are identified from  the  amino acid  sequence of 
the authentic  protein using secondary structure prediction 
algorithms (Eisenberg, 1984; Finer-Moore et al., 1989) 
and  the  potential  functional significance  is  tested  experi- 
mentally; helical modules must  be greater than 20 residues 
in  length to  span  the hydrophobic  core of the bilayer. 
Monomeric peptides representing predicted a-helical  trans- 
membrane segments are synthesized by solid-phase meth- 
ods, purified by reversed-phase  high-performance  liquid 
chromatography  (HPLC)  (Grove  et  al., 1992a), and as- 
sayed for  functional single-channel  activity after recon- 
stitution  in  planar  lipid  bilayers  (Suarez-Isla  et  al., 1983; 
Grove  et  al., 1993a). In  addition,  channel activity of a 
peptide with sequence  of H5 is investigated. The  H5 seg- 
ment,  confined to  the  loop between predicted  transmem- 
brane  segments S5 and S6 (Fig. 1  A), is postulated to  adopt 
a membrane-spanning &hairpin conformation and to 
modulate  ionic selectivity (Hartmann et al., 1991; Pusch 
et al., 1991; Yellen et  al., 1991; Yool & Schwartz, 1991; 
Heinemann  et al., 1992). For consistency,  all  sequences 
are  from  the  fourth  homologous repeat (Fig. 1B). 
Four-helix bundle proteins representing selected se- 
quences are generated by attachment of four identi- 
cal peptides to  a nine-amino acid template molecule 
&KKPGKEKG) (Mutter & Vuilleumier, 1989) at the 
6-amino groups of indicated lysines (underlined). The 
template is modeled as two antiparallel ,&sheets connected 
by a  type I1 &turn  and designed to provide  a  suitable 
arrangement of attached peptide modules (Mutter & 
Vuilleumier, 1989). 
Sequence considerations 
Transmembrane segments S2  and S3 are  amphipathic  and 
contain  conserved, negatively charged residues (Fig. 1B); 
a cluster  of four S2 or S3  segments  may  expose  charged 
or polar residues to  the  lumen of a pore. The sequence of 
IVS2 is conserved - identical between heart  (Mikami et al., 
1989; Slish et al., 1989; Perez-Reyes  et  al., 1990), brain 
(Snutch et al., 1991), aorta (Koch  et  al., 1989), and  lung 
(Biel et al., 1990) -and is predicted (Eisenberg, 1984; 
Finer-Moore et al., 1989) to  form a  membrane-spanning, 
amphipathic a-helix (hydrophobic moment p = 0.34). 
Likewise, the sequence of IVS3 is conserved between skel- 
etal muscle (Tanabe et al., 1987) and  isoforms  of  cardiac 
muscle  (Mikami  et al., 1989; Perez-Reyes et al., 1990), 
brain  (Snutch et al., 1991), and  aorta (Koch et  al., 1989). 
IVS3 is predicted to form an amphipathic  a-helix  (hydro- 
phobic  moment p = 0.23) with a length  sufficient to  tra- 
verse the hydrocarbon core of the membrane. These 
features  are also  characteristic of the  other three S2 or S3 
segments due  to extensive sequence  homology.  In  addi- 
tion to expression of multiple genes, diversity of calcium- 
channel  transcripts is generated by alternative  splicing, 
confirmed  for  the IVS3 region (Hui  et  al., 1991; Snutch 
et al., 1991); splice variants show differences in  hydropho- 
bic  residues,  whereas  charged  residues are conserved. 
Predicted helical segments IVS1, IVS5, and IVS6 are 
conserved  (Mikami  et  al., 1989; Biel et al., 1990; Perez- 
Reyes et al., 1990; Snutch  et  al., 1991).  IVS5  is hydropho- 
bic ( p  = 0.07; Fig. 1B) and  not considered to be  involved 
in lining an aqueous channel (Greenblatt et al., 1985; 
Finer-Moore  et al., 1989; Montal, 1990). Both  IVSl ( p  = 
0.16) and IVS6 ( p  = 0.20) are less hydrophobic  than IVS5, 
yet do  not exhibit an  amphipathic  character  as  strong  as 
IVS2 or the  striking  pattern  of conserved  acidic  residues 
characteristic  of IVS3 and  are,  therefore,  not predicted 
to  line  a highly selective pore. 
All S4 segments of voltage-gated calcium,  sodium,  and 
potassium  channels  contain multiple, conserved basic res- 
idues (Fig. 1B). Site-directed mutagenesis studies indicate 
that  this segment is a component of the voltage-sensing 
mechanism  (Stuhmer et al., 1989; Papazian et al., 1991). 
Further,  the presence of positively charged residues is 
counterintuitive with the S4 segment being involved in lin- 
ing  the  pore of a cation-selective  channel. 
The sequence  of  IVH5 was selected based on alignments 
with potassium and sodium channels for which site-directed 
mutagenesis data  are available (Hartmann et al., 1991; 
Pusch et al., 1991; Yellen et  al., 1991; Yool & Schwartz, 
1991; Heinemann et al., 1992;  Kim et  al., 1993). Second- 
ary  structure prediction  algorithms do not  identify H5  as 
a potential  &hairpin,  the  structure  postulated  originally 
for potassium  channel H5 segments; mainly random  con- 
formation  and  turns  are predicted for  this segment. 
Single-channel characterization 
of monomeric peptides 
Peptides representing predicted membrane-embedded seg- 
ments IVS1-IVS6 or  IVH5 were incorporated  into POPE/ 
POPC bilayers (POPE, 1-palmitoyl-2-oleoyl-sn-glycero- 
3-phosphoethanolamine; POPC, l-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphocholine) for analysis of single-channel 
activity.  Multiple  experiments (where n 2 4), each  lasting 
220  min, were conducted to evaluate  the  channel activ- 
ity  of  each  peptide; the  reproducible  occurrence of 2300 
openings of uniform  amplitude in a continuous  record- 
ing is considered evidence of channel  activity.  Figure  2 
shows  segments of representative  current  recordings,  ob- 
tained in symmetric 150 mM BaC12 or 500 mM NaCl. 
The  top trace of each  figure is compressed to  emphasize 
the  duration of current  recordings.  Segments  shown  be- 
low at higher time resolution illustrate transitions between 
current levels. 
IVSl elicits only  erratic  changes  in  membrane  current 
in both BaC12 (n = 28) and  NaCl ( n  = 24). Fluctuations 
between current levels are  of  short  duration  and varying 
amplitude,  as clearly illustrated in the  traces  shown  at 
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Fig. 2. Single-channel currents  from POPE/POPC bilayers containing monomeric peptides representing membrane-embedded 
segments from the  fourth homologous repeat of the voltage-gated calcium channel. Currents were recorded in symmetric 150 mM 
BaC1, or 500  mM NaCI/I mM BaCI,. Displayed currents were recorded at applied voltage V =  50 mV (CaIVS3 in BaCI2), V = 
1 0 0  rnv  (CaIVSl in BaCI,, CaIVS3 in NaC1, CaIVS4 in BaCI2, CaIVS5 in NaCl, CaIVS6), or V = 120  mV (CaIVSl in NaCl, 
CaIVS2, CalVS4 in NaCI, CaIVS5 in BaC12, CalVH5). Compressed records (top traces) are digitized at 1 mdpoint  and filtered 
at 1 kHz.  Records shown at higher time resolution are digitized at 0.1 ms/point and filtered at 2 kHz;  current  calibration is un- 
changed. Note that calibration  bars for channel-forming sequences are given  in conductance units (pS),  others  as  current (PA). 
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higher time resolution. Current fluctuations resemble 
transient destabilizations of the  membrane  rather  than  the 
reproducible  transitions of multiple, yet defined  ampli- 
tudes  characteristic  of  channel-forming  peptides. 
CaIVS2 forms ionic channels with primary single- 
channel  conductance (y) in  symmetric 150 mM BaC1, of 
4.0 f 0.6 ( n  = 4); events with y = 7 pS are observed  oc- 
casionally. In 500 mM  NaCl, y = 3.9 f 0.4 pS ( n  = 4; 
not  shown)  and y = 9.9 k 0.7 pS ( n  = 7),  both  conduc- 
tances  occurring with equal  frequency. 
Single channels elicited by CaIVS3 exhibit conduc- 
tances in 150 mM BaC1, of  12.0 f 0.7 pS and 21.9 f 1 .O 
pS ( n  = 14); events with y = 6.4 f 0.4  pS ( n  = 4) are  ob- 
served with lower frequency of occurrence.  In 500 mM 
NaCI, the most  frequent  events  are  characterized by y = 
3.6 f 0.2 pS and 8.7 f 1.3  pS ( n  = 4). Discrete events with 
single-channel  conductances 230  pS are observed  occa- 
sionally. For  both  channel-forming  peptides,  the  mean 
residence time in the  open  state is shorter  for  the larger 
conductance  events,  as  anticipated  from  self-assembling 
conductive  oligomers  (Oiki et al.,  1988a,b). 
POPE/POPC bilayers containing  CaIVS4 ( n  = 17 for 
BaCI,, n = 18 for  NaCl), CaIVS5 ( n  = 17  BaCI,, n = 10 
for NaCI), or CaIVS6 ( n  = 14 for BaCl,, n = 21 for NaCI) 
do  not exhibit  single-channel  events,  only  irregular  per- 
turbations  of  membrane  current,  indicating  that  the  pep- 
tides are  incorporated  in  the  membrane.  CaIVH5 elicits 
erratic  fluctuations  of  membrane  current,  both  in BaCI, 
( n  = 12) and NaCl ( n  = 12). Evidently, all peptides interact 
with the bilayer, yet do not  form  the regular  transitions 
T4CaIVS2 
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between current levels characteristic of channel-forming 
peptides. Only  CaIVS2 and CaIVS3  form channels in lipid 
bilayers, in  accord with predictions of  the design strategy. 
Designed four-helix bundle proteins 
form ion channels in lipid bilayers 
Four-helix bundle proteins T4CaIVS2 and T,CaIVS3, 
representing amphipathic segments  S2 or S3, form dis- 
crete  channels  in POPE/POPC bilayers. Single-channel 
currents ( I )  at  constant  voltage ( V )  recorded in symmet- 
ric solutions of indicated  ions  are  shown in Figure 3. The 
corresponding current histograms illustrate the occur- 
rence of two  distinct  states, closed (C) and  open (0). For 
T,CaIVS2, y = 2.9 f 0.3 pS ( n  = 5 )  in symmetric 50 mM 
BaCI, and y = 8.6 f 0.6 pS ( n  = 6) in symmetric 500 mM 
NaCI/l mM CaC1,. Corresponding conductances for 
T4CaIVS3  are 10.0 f 0.2  pS ( n  = 36) and 10.9 f 0.7 pS 
( n  = 5 ) ,  respectively. T4CaIVS3 exhibits a larger conduc- 
tance in BaC1, than  T4CaIVS2, reflecting  a  higher selec- 
tivity for  the divalent  ion. 
Using monovalent  ions  as  charge  carriers,  two  differ- 
ent modalities of channel activity are detected with 
T4CaIVS2. Both exhibit the  same single-channel conduc- 
tance: the  more  frequent, observed in approximately 60% 
of experiments, is characterized by an open  probability, 
Po, =lo% (Fig.  3;  Table 1B); the  other modality is dis- 
tinguished by fast transitions between the  open  and closed 
states and Po 260% (Table 1C). Both modalities are 
present whether the divalent ion included is Ba2+ or 
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Fig. 3. Single-channel currents from lipid bilayers containing four-helix bundle proteins T4CaIVS2, T4CaIVS3, or T4CaIVS5. 
Currents were recorded in symmetric 50 mM BaCl, or 500 mM NaCI; recordings were made in NaCl in the presence of 1 mM 
CaCI,. Displayed currents were recorded at applied voltage V = 120 mV for T4CaIVS2 and V = 100 mV for T4CaIVS3 and 
T4CaIVS5. Filtered at I kHz (T4CaIVS3 and T4CaIVS5 in NaCI), 500 Hz (T4CaIVS5 in BaClz and T4CaIVS2 in NaCI), or 
400 Hz (T4CaIVS2 in BaC1,). Current histograms generated from segments of records lasting 230 s. C, closed; 0, open.  Cur- 
rent histograms for T4CaIVS3 do not reflect the lower frequency occurrence of a second channel. 
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Table 1. Single-channel conductance (y), open channel 
probability (Po), and  mean open time (res and T,,) from 
lipid bilayers containing T4CaIVS3 (A) or T4CaIVS2 
(B and C, representing  the two different modalities 
of channel activity) a 
(-)BwK 
8644 
11.0 f 0.5 
51.3 f 6.3 
0.5 rf- 0.0 
11.1 k 0.4 
3 
7.8 f 0.3 
11.2 f 1.2 
0.8 + 0.1 
6.5 f 1.7 
3 
8.1 rf- 0.4 
53.9 k 5.4 
0.8 f 0.1 




a Recorded in 500 mM NaCVI mM CaCI, or in 500 mM NaCI/I mM 
BaC12 before (control) or after addition of either (+)BayK 8644 or 
(-)BayK 8644. Other  conditions  as  for Figure 5. 
Ca2+. However, the divalent ion does modulate the  ob- 
served  activity; a longer  mean open time is observed  when 
Ca2+ is present (Table lB,C). 
Recordings from NaCI, illustrated in Figure 3, are  ob- 
tained in presence of  CaC12; the very  brief openings re- 
corded with T4CaIVS3 (Table 1A) reflect blockade by 
Ca2+.  In  contrast, significantly longer openings are ob- 
CalVS3 
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served  with T4CaIVS2 (Table 1B). Blockade of T4CaIVS3 
by pM Ca2+ (Grove  et al., 1991) indicates the presence  of 
an intrapore binding site of  high affinity. 
Sequence specificity 
Essential controls of observed single-channel activity in- 
clude peptides and proteins with amino acid  sequences 
corresponding to different transmembrane segments. 
T4CaIVS5 -representing a hydrophobic segment of the 
authentic protein - does not form distinct unitary conduc- 
tance events in  BaCI2 (n = 9) or in NaCl (n = 9) (Fig. 3), 
and the current histograms show a single broad band 
rather than two discrete peaks, reflecting well-defined 
open and closed states. Fluctuations in membrane current 
indicate that  the protein is embedded in the bilayer. 
To critically evaluate the sequence specificity of activ- 
ity recorded with T4CaIVS3, the activity observed with 
monomeric CaIVS3 was compared to that elicited by 
IVS3-random, a 22-residue peptide of the same amino 
acid composition but with a computer-generated random- 
ized sequence (SIDLPIFIVIVNGWVFSLDEID) pre- 
dicted to retain helical  secondary structure. CaIVS3 forms 
channels with distinct conductances (Figs. 2, 4), charac- 
teristic of monomeric peptides considered to form con- 
ductive aggregates of various oligomeric number. In 
contrast, IVS3-random does not form discrete channels 
( n  = 15), only erratic current fluctuations (Fig. 4). 
Clearly, the unique  sequence  of  IVS3  is  required for chan- 
nel activity. 
Ionic conduction and selectivity 
of designed pore proteins 
A salient advantage of tetrameric proteins is the homo- 
geneous single-channel conductance, illustrated in Fig- 
IVS3-Random 
L "  
t 
250 rns 
Fig. 4. Single-channel currents  from lipid bi- 
layers containing 22-residue peptides CaIVS3 
or IVS3-random. Currents were recorded in 
symmetric 150 mM BaC1, at 50 mV (CaIVS3) 
or 100 mV (IVS3-random). Filtered at  2 kHz. 
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Fig. 5. Single-channel currents from lipid  bilayer containing T4CaIVS2, 
recorded in 150 mM BaCI2 at 130 mV. y = 7.5 pS. Top, filtered at 
500 Hz;  bottom, digitized at 10 ms/point and filtered at 250 Hz. 
ures 3-5. The heterogeneity of conductance events  elicited 
by monomeric CaIVS2 and CaIVS3 (Figs. 2,4) indicates 
the self-assembly of conductive oligomers of different 
sizes. This is contrasted by the remarkable homogeneity 
of channels recorded with tethered proteins (Figs. 3, 5 ) ,  
indicating that the oligomeric proteins are the conductive 
species rather than self-assembling oligomers. This prop- 
erty allows the study of conductance as a function of salt 
concentration. 
Note that y for T4CaIVS2 increases with increasing 
concentration of divalent cation: y = 2.9  pS  in 50 mM 
BaCl, (Fig. 3), whereas y = 7.5 pS in 150 mM BaC1, 
(Fig. 5). The single-channel conductance does not exhibit 
saturation in the  concentration range studied (Fig. 6A, 
Kd = 201 mM). In  contrast,  the single-channel conduc- 
tance for T4CaIVS3 increases with divalent salt concen- 
tration and approaches saturation (Fig. 6A). The salt 
concentration at which y is half-maximal is 13.6 mM for 
Ba2+, 17.7 mM for  Ca2+,  and 15.0 mM for Sr2+. Thus. 
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only T4CaIVS3 forms cation-selective pores that exhibit 
saturation, consistent with the occurrence of  low affin- 
ity  (mM)  binding  sites for divalent cations within the pore 
lumen. 
The I- V relations in different salt solutions under both 
symmetric conditions and single salt concentration gra- 
dients were measured for T4CaIVS3. The channel is 
ohmic in both conditions (Fig. 6B). The reversal poten- 
tial (&,) under a 10-fold concentration gradient of 
BaC12 (V,, = -23.8 f 2.1  mV; n = 3) or CaCI2  (Fig. 6B, 
V, = -26.2 f 2.4  mV; n = 4) indicates that the current- 
carrying species is the  cation.  The corresponding trans- 
ference  number for cations is  0.91 f 0.04 and 0.95 f 0.04. 
T,CaIVS3 conducts both divalent and monovalent cat- 
ions (Fig.  3)  with a selectivity ratio inferred from conduc- 
tances of Ba2+ > Ca2+ > SrZ+ > Na+ > K+ >> C1- (Grove 
et al., 1991). The V,, for T4CaIVS2, measured under a 
fivefold concentration gradient of NaCl, is 25.5 -t 5.8 
(n = 4; not shown), with a transference number for  cat- 
ions of 0.81 f 0.07. 
Pharmacological specificity 
Calcium channels are receptors for  a variety of drugs. In- 
deed, the term DHP receptor was introduced to identify 
proteins with nanomolar affinity for these compounds, 
whose  significance is further underscored by the existence 
of enantiomers that act as agonists or antagonists of cal- 
cium channels (Kass, 1987; Vaghy et al., 1987; Triggle 
et al., 1989). This pharmacological specificity affords  a 
unique possibility to assess the characteristics of the de- 
signed pore proteins. Effects of agonist/antagonist enan- 
tiomers of the DHP derivative BayK  8644 are studied in 
500 mM NaCl, where modulation of channel activity  may 
be easily discerned for  both T4CaIVS2 and T4CaIVS3. 
Activity of 1,4-DHPs on T4CaIVS3 is stereospecific 
Figure 7A displays  single-channel currents obtained with 
T4CaIVS2 and T4CaIVS3 in 500 mM NaCl (control). 
Addition of the antagonist enantiomer (+)BayK 8644  im- 
4 
150 
Fig. 6. A: Single-channel conductance as  a function of divalent 
salt concentration in symmetric BaCI, (O), CaC1, (V), and 
SrCI, (W) at pH 7.3 and V = 1 0 0  rnV for T4CaIVS3; recordings 
in CaCI, obtained in the presence of 100 nM (-)BayK 8644. 
Smooth curves are the best fits  of the equation y = ymaX/(l + 
K~/[M'+]) with  the dissociation constant KO in units of concen- 
tration. Channel conductance  of T4CaIVS2 does  not saturate 
within  the indicated concentration of BaCI2 (0). Each point rep- 
resents the mean of three or more experiments. B: Ion conduc- 
tion  through  the  synthetic  calcium  channel  T4CaIVS3. 
Current-voltage relationship in symmetric 50 mM CaClz (A) 
and under an  imposed  10-fold concentration gradient (0). Lin- 
ear fits have regression coefficients of  0.9979 and 0.9782.  Slope 
conductance is 7 pS (A). Reversal potential (Vat  which I = 0) 
is -26 mV, indicated by arrow. 
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Fig. 7. Stereoselective effects  of agonist and antagonist DHP derivatives 
are  exerted only on synthetic pore protein T4CaIVS3. A: Single-channel 
currents from lipid  bilayers containing T4CaIVS2 or T4CaIVS3, recorded 
in 500 mM NaC1, containing 1 m M  BaCl,, before and after addition of 
either (+)BayK 8644 or  (-)BayK 8644. Recorded  at 120 mV (T4CaIVS2) 
or 1 0 0  mV (T4CaIVS3). Drug concentration 250 nM (T4CaIVS2) or 1 0 0  
nM (T4CaIVS3). B: Single-channel conductance and open probability be- 
fore (Ctrl.) and after addition of BayK 8644 enantiomer. Number of ex- 
periments  as  in  Table 3. Stock solutions of compounds (10 mM  in ethanol) 
stored refrigerated in the dark. 
mediately blocks T4CaIVS3, leading to very brief open- 
ings and a significantly  reduced open channel probability 
(Fig. 7B; Table 1A). Conversely, the effect of adding the 
agonist enantiomer (-)BayK  8644  is an increase in open 
channel probability as well as a prolongation of the chan- 
nel open time (Fig. 7B; Table 1A). In  contrast, activity 
elicited by T4CaIVS2 is not changed by these drugs 
(Fig. 7A). Both modalities of channel activity observed 
with T4CaIVS2 persist after  addition of modulator (Ta- 
ble lB,C).  Thus, only T4CaIVS3 contains specific bind- 
ing sites for BayK  8644. 
Interaction of T4CaIVS3  with  specific  calcium channel 
modulators was described previously, with Ba2+ as per- 
meant ion (Grove et al., 1991); agonist/antagonist effects 
of BayK 8644 enantiomers are apparent (Table 2) as is the 
blocking action of a nanomolar concentration of the 
DHP derivative nifedipine, micromolar verapamil (a phe- 
nylalkylamine), the inorganic ion Cd2+,  or the local an- 
esthetic QX-222 (Table 2). Blocking is manifested as a 
reduction of the mean open time as well as the open prob- 
ability. By contrast, 9-anthracene carboxylic acid, a 
blocker  of  anion-selective channels including a four-helix 
bundle protein representing a proposed pore-lining seg- 
ment of the inhibitory glycine receptor (Reddy et al., 
1993), does not block channels elicited by T4CaIVS3 
(n = 3; not shown). 
Racemic BayK  8644 acts as an agonist on T4CaIVS3 
(n = 5) .  A segment of record obtained in CaC12 in ab- 
sence  of  BayK 8644 displays the low frequency  occurrence 
of brief openings (Fig. 8A, control). After addition of 
drug,  an increased open probability and  a prolongation 
of channel open times is evident (Fig. 8A,B). Figure 8B 
depicts the  open probability calculated at 45-s sampling 
intervals for  an approximately 5-min  window of observa- 
tion before and after  addition of drug;  the increase in 
open probability following addition of racemic BayK 
8644  is evident. Thus, modulation of channels elicited by 
T4CaIVS3 is independent of permeant ion. 
Discussion 
An ultimate goal of protein design is the generation of 
molecules that display functional activity as well as exhibit 
predetermined three-dimensional structure.  A bundle of 
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Table 2. Single-channel conductance (y), open channel 
probability (Po), and  mean  open  time (res and T,,) 
from lipid  bilayers  containing T4CaIVS3a 
Modulator Y (PS) Po (070) ro5 (ms) 7,) (ms) n 
Control 10.0 k 0.2 29.7 k 3.3  2.6 f 0.3 35.2 k 5.0 36 
(+)BayK 8644 
(250 nM) 9.6 + 0.3 5 2  1.3 k 0.3  9 k 1.2 4 
(-)BayK 8644 
(100nM) 11 .3  k 0.5 60.3 k 6.8 10.1 k 3.7  142.9 f 55.1 11 
Nifedipine 
(100 nM) 10.1 * 0.2 5 2  1.4 * 0.3 - 8 
Verapamil 
(2.5 pM) 9.0 k 1.0 5 2  1.6 k 0.6 11 .5  f 4.7 5 
(250pM) 9.5 f 0.3 5 5  1.7 f 0.4 18.0 f 1.5 4 
Cd2+ (10 pM) 9.1 f 0.6 5 2  3.8 f 1.0 10.2 f 4.4 3 
QX-222 
a Recorded in 50 mM BaCl,, at 100 mV. Modulators added at indi- 
cated concentrations. 
amphipathic  a-helices  has been identified as a  structural 
motif whose functional  correlate in a lipid bilayer is an 
aqueous  pathway  for  ion  flux.  Accordingly,  this  func- 
tional  motif  constitutes  a  tractable  entity  for  identifica- 
tion of  molecular  determinants  underlying specific 
properties  of an ionic pore,  through  the  de  novo design 
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A requirement f o r  secondary structure 
Amino acid sequences may be selected that  contain suf- 
ficient information to  adopt a  predetermined  conforma- 
tion  and  generate  a  functional  pore-forming  structure. 
Whereas amphipathicity of peptide modules may be suffi- 
cient to induce the folding of a  functional four-helix bundle 
motif in a lipid environment and  to express the  corre- 
lated  functional  activity  (Grove  et  al., 1993b), sequence- 
specificity is required to reproduce desired functional 
attributes.  Significantly,  identified  pore-lining  segments 
have been shown to  adopt  an a-helical conformation, 
oriented  perpendicularly to the  plane of the  bilayer, as 
determined by solid-state NMR (Bechinger et al., 1991). 
For voltage-gated channels,  high-resolution NMR spec- 
troscopy of a peptide representing an S4 segment is indic- 
ative of a-helical conformation in solution (Mulvey et al., 
1989), and NMR and CD spectroscopy of a peptide based 
on  an S2 segment is consistent with helical content (Reid 
et  al., 1992). Further, peptides  representing S3 segments 
from  both  sodium (Oiki  et  al., 1990) and calcium chan- 
nels (CaIVS3; R. Palmer, N. Andersen,  A.  Grove, & M. 
Montal,  unpubl.)  are helical as determined by CD. An a- 
helical structure  and  an  orientation perpendicular to  the 
bilayer are required for and consistent with observed 
channel  activity. 
Fig. 8. Modulation of synthetic calcium channel T,CaIVS3  by  racemic 
BayK 8644. A: Currents  recorded from lipid  bilayer  in  symmetric 50 mM 
CaCI2 before (70s = 1.7 f 0.7 ms, 701 = 10.3 k 1.9 ms) and after addi- 
tion of 100 nM BayK 8644 ( T ~ ~  = 3.4 f0.9 ms, T~~ = 28.7 f 12.4). V =  
100 mV; filtered at 300 Hz or at 500 Hz. B: Open probability calculated 
for seven consecutive 455 intervals before (control) and after addition 
of racemic BayK 8644. 
Identification  of  pore-  forming  segments 
The initial  goal was to generate  pore-forming  proteins 
that exhibit functional  properties  comparable to those of 
the  authentic voltage-gated calcium  channel.  Departing 
from  the  notion  that  four-helix bundle structure may ex- 
press specific functional  properties, such as ionic selectiv- 
ity and blockade, we examined the  primary  structure of 
the  authentic voltage-gated calcium channel in search of 
sequences compatible with observed functional character- 
istics. However,  a  major  concern in studying the activity 
of designed channel proteins is sequence specificity: a sys- 
tematic approach  toward identifying  a  functional  pore- 
forming  motif based on the sequence of the  authentic 
protein involved examination  of  the  channel activity of 
synthetic  peptides,  each  representing  one of the six pre- 
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dicted membrane-spanning segments identified from a 
homologous  repeat  (Fig. 1). In  total,  channel activity  of 
eight different sequences was examined.  Establishing that 
only  peptides  representing  predicted  transmembrane seg- 
ments S2 or S3 elicit channel activity (Fig. 2)  confirms the 
sequence  requirement  for  channel  formation  and is the 
starting  point for a  refinement of the design in  terms of 
investigating the single-channel characteristics of olig- 
omeric  proteins  representing  these selected sequences. 
As  mentioned  above,  reproducibility of current  record- 
ings and  the analysis  of a large  number of channel  open- 
ings is essential to a valid and reliable characterization  of 
potential  channel-forming sequences. Of special concern 
are highly charged peptides such as S4. Evidently, the 
peptide  interacts  with POPEIPOPC bilayers  (Fig. 2) to 
produce  current  fluctuations, yet extensive single-chan- 
ne1 analysis  clearly reveals the  erratic  and  irreproducible 
nature  of observed  transitions.  In  addition, IVS4 pro- 
duces frequent  transitions of large amplitude (250 ps) be- 
tween low and high conducting  states ( n  = 18, not  shown) 
when altering membrane lipid composition to include neg- 
atively charged phospholipid (Tosteson et al., 1989; Grove 
et  al., 1993a). The highly charged  peptide adopts  an  in- 
terfacial  orientation, allowing  favorable  electrostatic  in- 
teractions with negatively charged phospholipid head 
groups  and leading to transient destabilization of the lipid 
bilayer (Montal, 1972). Such disruptive activity conse- 
quent  to  the  interaction of oppositely  charged  interfaces 
is of no relevance to  the  formation of ionic  pores and 
must  be  differentiated from channel activity arising from 
the clustering of channel-forming  peptides  perpendicu- 
larly to the  membrane. 
The H5 segment 
To test the  notion  that  the  H5 segment forms  an ionic 
pore, a peptide  representing  IVH5 (Fig. 1B) was incorpo- 
rated  into lipid bilayers. IVH5  does  not exhibit strong pre- 
diction for secondary  structure,  and  the  peptide  does  not 
elicit single-channel  activity  (Fig. 2). When  in a @-sheet 
conformation, a minimum  of eight antiparallel  @-strands 
must be present to  form a barrel.  Hydrogen  bonding must 
be formed between  neighboring  0-sheets, i.e., between 
residues distant in sequence. Therefore, considering a 
@-barrel  motif,  individual segments  may not  adopt  the 
predetermined conformation, much less self-associate into 
an eight-stranded  @-barrel.  It is conceivable that  H5 seg- 
ments adopt a  @-hairpin  conformation  only in  the context 
of  the  authentic  folded  protein  through  favorable  inter- 
actions with vicinal domains,  thereby  contributing to  the 
pore lining.  However,  a  functional  interpretation,  more 
compatible with available data, considers H5 segments 
located at  the  entry of the  pore,  thus modulating  the ionic 
selectivity of a channel  formed  by a bundle  of  a-helical 
transmembrane  segments.  Therefore,  the  de  novo design 
of  functional  channel  proteins  has  focused on  the  four- 
helix bundle  motif. Individual segments may be synthesized 
and their ability to  form channels assessed as a-helices are 
hydrogen-bonded  internally,  forming  autonomous  fold- 
ing units. 
Protein design 
The concept of template-assembled synthetic proteins 
(TASP;  Mutter & Vuilleumier, 1989) was introduced  as 
a strategy  for  the  construction of novel proteins with pre- 
dicted structural  as well as  functional properties. The  total 
synthesis  of  tethered  four-helix  bundle  proteins  presents 
a major  advance in the  de  novo design of channel proteins 
(Montal et al., 1990; Grove et al., 1991). The covalent at- 
tachment  of  channel-forming  peptides to a carrier  moi- 
ety offers  the benefit of predetermined oligomeric number 
and parallel  orientation  of  peptide  modules,  consistent 
with the predicted parallel arrangement of pore-lining seg- 
ments  of  channel  proteins,  and  features  that  greatly  fa- 
cilitate interpretation of displayed pore properties. 
Consequently,  tethered  oligomers  offer  the  opportunity 
to investigate the  functional  interaction of designed pore- 
forming molecules with specific pharmacological  agents. 
The  spontaneous  association  and dissociation of  mono- 
meric  peptides  would  render  such  analysis  ambiguous at 
best. 
Pore properties of designed proteins 
Both T4CaIVS2 and T4CaIVS3 form cation-selective 
channels in lipid bilayers (Fig. 3). Evidently,  amphipath- 
icity of peptide  modules is sufficient to  generate  a  func- 
tional ion-conducting molecule. However, T4CaIVS3 
more closely emulates  pore  properties of the  authentic 
channel  (including the ionic selectivity and  blockade by 
divalent cations [Heff et al., 1986; Tsien et al., 1987; 
Rosenberg et al., 19881) that were the  aim of the design 
endeavor. Molecular modeling of T4CaIVS3 shows a 
conserved  aspartic  acid  residue (D7, Fig. 1B) facing the 
pore  lumen, generating the narrowest section of the  pore 
(Grove et al., 1991), in  agreement with the presence  of  a 
selectivity filter for  permeant  ions. 
T4CaIVS3  exhibits at least two  intrapore-binding sites 
for divalent ion blockers, CaZ+  and  Cd2+ (Grove  et  al., 
1991), as  determined by block (Table 1A) and by satura- 
tion  (Fig.  6A).  T4CaIVS2, on  the  other  hand,  does  not 
exhibit  higher selectivity for divalent  ions,  conductance 
does not  saturate within the  concentration range observed 
for  both T4CaIVS3 and  the  authentic calcium  channel, 
and  the channel is not blocked by millimolar Caz+ (Fig. 3; 
Table 3). Functional elements of  the  authentic ionic pore 
(Heff et al., 1986; Tsien  et al., 1987; Rosenberg  et  al., 
1988) are  reproduced  only by the  bundle  of  four S3 seg- 
ments  (Table 3). 
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Table 3. Single-channel properties and modulator  sensitivity 
of synthetic pore proteins and  authentic  calcium  channel 
" 
Authentic 
T4CaIVS2 T4CaIVS3 channel 
y (pS), 50 mM Ba2+ 3 10 25a 
y (pS), 5 0 0  mM Na+ 9 11 85' 
Selectivity Cation Cation Cation 
Saturation No Yes Yes 
Ca*+-block No Yes Yes 
(+)BayK 8644 No effect Antagonist Antagonist 
(-)BayK  8644 No effect Agonist Agonist 
a y reported for  the  cardiac DHP-sensitive calcium channel (Hess 
et al., 1986). 
'pH 9.0. 
Pharmacological specificity 
In  our design of a functional calcium-channel protein, se- 
lectivity was the  aim, yet pharmacological  specificity be- 
came  the definitive  measure. The  remarkable sensitivity 
of T4CaIVS3 to modulation by DHP derivatives and, 
conversely, the  absence of interaction between T4CaIVS2 
and  DHPs could not have been predicted from  primary 
structures.  However,  results  demonstrate clearly the se- 
quence  requirement for specific drug  action (Fig. 7). The 
comparable sensitivity of T4CaIVS3 and  the  authentic 
channel to  stereoselective  modulation by enantiomers of 
BayK 8644 further  illustrate  the  match between T,CaIVS3 
and  the  authentic  protein (Table 3). 
The sensitivity of T4CaIVS3 to modulation by DHP 
derivatives indicates that IVS3 contains  a  binding site for 
these compounds.  Potential binding  sites  within the  au- 
thentic  channel have been identified using affinity labeling: 
binding sites for specific calcium  channel  blockers, the 
phenylalkylamine  verapamil (Striessnig et  al., 1990) and 
the  DHP derivative  nitrendipine  (Regulla et al., 1991), 
were assigned to a predicted  cytoplasmic domain, in a re- 
gion following transmembrane segment IVS6. The  DHPs 
are considered to  approach their  receptor  site by lateral 
diffusion  after  partitioning  into  the lipid bilayer (Mason 
et al., 1989), pointing to a specific binding  site  incorpo- 
rating  membrane-embedded  parts of the  protein in  addi- 
tion  to  the indicated  cytoplasmic  binding sites. Further, 
the voltage-dependent  action  of DHPs on the  authentic 
channel suggests interactions with regions of the  protein 
that sense the  transmembrane electric field. 
Inferences about authentic pore structures 
The delineated  molecular design approach has success- 
fully generated a functional calcium channel protein, 
T4CaIVS3,  that exhibits  functional  characteristics simi- 
lar to those of  the  authentic alcium  channel.  In  particu- 
lar,  the  comparable  pharmacological specificity between 
designed and  authentic  pore protein indicates that a four- 
helix bundle  motif  may  be the molecular blueprint for  the 
authentic ionic pore  and  points to  the S3 segments  as a 
component  of  this  functional  element. 
The  formation  of  an  aqueous  pore by assembly of four 
homologous repeats suggests that one transmembrane 
segment from each  repeat  contributes to  the  pore  struc- 
ture.  The four-helix  bundle  proteins described are gener- 
ated by attaching  pore-forming  segments to chemically 
equivalent sites on a carrier  template,  resulting  in  homo- 
tetrameric structures. Transmembrane segments from 
each  repeat  are highly homologous, yet not  identical,  and 
functional  differences are likely to arise  from  the gener- 
ation of homotetrameric structures. Heterooligomeric 
molecules may  more closely mimic functional  properties 
of the  authentic ionic  pore.  However,  differences  in  per- 
meation  properties  may  occur  due to  the  proposed  inter- 
action of H5 segments with the  authentic  pore  structure. 
Conclusions 
Our goal was to generate a functional  calcium  channel 
with pore properties similar to  those exhibited by the 
authentic channel. Only the four-helix bundle protein 
T4CaIVS3 expresses the ionic selectivity, saturation  pro- 
file,  blockade by divalent  cations, and pharmacological 
specificity characteristic of the  authentic  protein.  Accord- 
ingly, a four-helix bundle of specific amino acid sequence 
exhibits the functional properties characteristic of the 
ionic pore intrinsic to channel  proteins. The four-helix 
bundle  motif is likely to excessively simplify the  more 
complex structural  organization  of  authentic  pore  struc- 
tures. However, designed channel  proteins  based on the 
sequence of authentic  channels  may  afford  insights  into 
basic  mechanisms  of  ionic selectivity, channel  blockade, 
and pharmacological specificity, information  that may in 
turn provide clues about molecular determinants of func- 
tion of authentic  pore  structures. 
Materials and methods 
Materials 
POPE  and  POPC were from  Avanti Biochemicals (Ala- 
baster,  Alabama).  Other reagents were of the highest pu- 
rity available  commercially. 
Synthesis  and purification  of 
four-helix bundle proteins 
Designed proteins were synthesized by solid-phase methods 
using an Applied Biosystems model 431A peptide  synthe- 
sizer (ABI,  Foster  City,  California).  PAM (4-(oxymethy1)- 
phenylacetamidomethyl) resin with a  substitution of 0.15 
mmol/g was used (Grove  et  al., 1992a). A  common nine- 
amino acid template EKKPGKEKG) was synthesized 
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and  the  N-terminal lysine acetylated. The  four  peptide 
blocks were assembled simultaneously at the e-amino 
groups of indicated lysine side chains (underlined) by step- 
wise synthesis.  Multiple  couplings (3-5 per  residue) were 
performed to ensure coupling efficiencies >99.5% for 
each step. T4CaIVS3 was cleaved from  the  PAM resin 
using a low/high HF protocol  (Tam  et  al., 1983). Mono- 
meric  peptides were synthesized by solid-phase  methods 
and purified  as  described  (Grove et al., 1992a). 
Proteins were purified by reversed-phase HPLC. Ho- 
mogeneity was confirmed by capillary  zone  electropho- 
resis (Firestone  et  al., 1987) and  sodium dodecyl  sulfate 
gel electrophoresis on  16% tricine gels (Novex,  San Di- 
ego, California). Molecular weights (MW) were deter- 
mined using low range  MW  markers (Diversified Biotech, 
Newton Centre,  Massachusetts). The MWs of  T4CaIVS2 
and T4CaIVS3 are approximately 9,000 and 6,500, re- 
spectively. Peptide  composition  and sequences were con- 
firmed by amino acid analysis on  an AB1 model 420 PTC 
derivatizerlanalyzer as well as  automated by Edman deg- 
radation  on  an AB1 model 477A peptide sequencer. Yields 
are 280% of  proteinhesin mixtures  based on calculated 
weight gain. 
Reconstitution in planar lipid bilayers 
and single-channel assay 
Proteins were incorporated  into  planar lipid bilayers from 
mixed lipid-protein monolayers. Protein was extracted 
with  lipid, POPE/POPC, 4:1, 5 mg/mL in  hexane,  and 
bilayers  formed at  the  tip  of  patch pipets by apposition 
of monolayers  formed at  the air-water  interface  (Suarez- 
Isla et al., 1983). The molar  ratio of lipid to protein was 
1,000-10,000: 1. Alternatively,  protein was dissolved in 
trifluoroethanol  (TFE),  and  aliquots were added  to  the 
aqueous  subphase following formation  of  POPE/POPC 
bilayers. Aqueous  compartments  contain 10-150 mM  di- 
valent  salt or 0.5 M  monovalent  salt  and 5 mM Hepes 
(4-(2-hydroxyethyl)- 1 -piperazineethanesulfonic acid), pH 
7.3; with monovalent charge carriers, 1 mM BaC12 or 
CaC12 was included.  Ionic selectivity was measured  un- 
der a 10-fold concentration  gradient  of divalent  cation 
(10 mM/100  mM), or a fivefold  gradient of monovalent 
cation (100 mM/500  mM).  Experiments were performed 
at 24 * 2 "C. 
Electrical  recordings and  data processing were carried 
out as described (Suarez-Isla et al., 1983; Grove et al., 
1993a). Conductance values were calculated from Gauss- 
ian fits to current  histograms and channel open ( T ~ ~ ,  T,/) 
and closed lifetimes ( T ~ ~ ,  T,/) determined  from  probabil- 
ity  density  distributions of dwell times  in the  open  and 
closed  states (Montal  et  al., 1986); subscripts s and 1 de- 
note  short  and  long.  For  analysis,  records were filtered 
at 1 kHz  and digitized at 0.5 ms/point. Displayed records 
were processed similarly unless indicated otherwise. Each 
conductance  and lifetime  value  reported was calculated 
from experiments with 1300 openings in a continuous re- 
cording. Values are reported  as  mean * SEM.  Total  num- 
ber of events analyzed is 80,514 for T4CaIVS2 and 103,564 
for  T4CaIVS3; n denotes  number of experiments. 
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